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Iron–sulphurRepair of Iron Centres (RICs) are a widely-spread family of diiron proteins involved in the protection
of iron–sulphur-containing enzymes from nitrosative and oxidative stress. Here, homology-based
modelling was used to predict putative ligands of the RIC diiron centre in E. coli. Site-directed muta-
genesis studies showed that several conserved residues modulate the spectroscopic properties of the
diiron centre, and mutations in H129, E133 and E208 abrogated RIC ability to protect aconitase.
Taken together, these data led to a structural model of a diiron centre inserted in a four-helix bundle
fold and coordinated by H84, H129, H160, H204, E133 and E208. Moreover, two l-carboxylate
bridges involving E133 and E208 were found to be required for assembly of a stable diiron centre.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Repair of Iron Centres (RIC) proteins are diiron-containing pro-
teins that protect iron–sulphur (Fe–S) enzymes from damage
inﬂicted by oxidative and nitrosative stresses [1]. Firstly discovered
in Escherichia coli, their importance was also reported for human
pathogens, such as Staphylococcus aureus and Neisseria gonorrhoea
[2–4]. Moreover, in vivo assays demonstrated that RIC contributes
to the survival of Haemophilus inﬂuenzae in activated macrophages
[5].
RIC proteins contain a diiron centre of the histidine/carboxylate
type inserted in a four helix bundle protein fold, which was
proposed on the basis of the predicted secondary structure [4,6].
Electron paramagnetic resonance (EPR) and Mössbauer studies
showed that the diiron of the as-isolated E. coli and S. aureus RICs
has properties characteristic of a mixed valence antiferromagneti-
cally coupled Fe(III)–Fe(II) centre occurring in a S = ½ state [4,7,8].
The resonance Raman spectrum of the oxidised E. coli RIC displays
a band at 490 cm1, attributed to a symmetric Fe–O–Fe stretching
mode of the l-oxo-bridged diiron centre [9]. Based on extended
X-ray absorption ﬁne structure (EXAFS) data, the centre was pro-
posed to be coordinated by histidines and one or two l-carboxyl-
ate bridges from aspartate or glutamate residues, and that the
Fe–Fe distance increases upon reduction with the concomitant
decrease of the number of coordinated ligands [6]. Recently,Mössbauer studies revealed that the iron ions of the RIC centre
are more labile in the mixed-valence Fe(III)–Fe(II) redox state
when compared with the l-oxo-diferric form [10]. Furthermore,
it was shown that E. coli RIC is able to deliver iron, most likely in
the ferrous state, for the assembly of the Fe–S clusters of spinach
apo-ferredoxin and E. coli IscU [10]. These data suggest that
E. coli RIC may also act as an iron donor under non-stress
conditions, which is in line with the lower aconitase and fumarase
activities exhibited by non-stressed E. coli ric mutant cells.
Although nitric oxide and oxidative stresses promote disintegra-
tion of Fe–S centres at different extents, in both cases regeneration
requires reinsertion of iron. RIC was shown to restore the activity
of Fe–S-containing enzymes, namely aconitase and fumarase, fol-
lowing exposure to either nitric oxide or hydrogen peroxide
[2,4]. The results are also consistent with a role of RIC as iron donor
under stress conditions.
E. coli RIC is a member of a large family of proteins that occurs in
the bacterial phyla, fungi and eukaryotes. Homologues of these pro-
teins are encoded in the genomes of a signiﬁcant number of human
pathogens, such as Bacillus anthracis, H. inﬂuenzae, and species of
the genus Salmonella, Shewanella, Yersinia or Clostridium. Interest-
ingly, two orthologues are also found in the eukaryote Trichomonas
vaginalis, an important human pathogenic protozoan [4]. RIC pro-
teins exhibit conserved residues and, in particular, amino acids
H84, H105, H129, E133, H160, and H204 (numbering referring to
E. coli RIC) are highly conserved and predicted to be located in
alpha-helix regions [4,11]. In this work, homology-based modelling
[12] was used to generate the tridimensional structure of the E. coli
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centre or closely located to it. Amino acid residues, which are con-
served in the RIC family of proteins, were replaced by site-directed
mutagenesis and the properties of the mutant proteins were
analysed by UV–visible and EPR spectroscopies.
2. Material and methods
2.1. Homology-based modelling of E. coli RIC
Searches on protein databases were done with NCBI-BLAST and
TIGR CMR-BLAST and alignment obtained with ClustalX 1.8 [13].
Since homology searches of E. coli RIC against protein structure
database did not yield hits with signiﬁcant identity, pGenTHREAD-
ER algorithm was used to obtain an adequate template. The algo-
rithm combines proﬁle-proﬁle alignments with an analysis of the
agreement between predicted and observed secondary structure
and hydrophobic burial [14]. According to this method, Neisseria
meningitidis NMB1532 (PDB code: 2P0N), a protein of unknown
function, is predicted to be a good model, with a conﬁdence score
of CERTAIN (P-value = 5  105). The ﬁrst 72 residues of E. coli RIC
were excluded from the model since they were not conserved in
the template structure.
The program Modeller, version 9 [15] was used to generate the
model from the structure of the NMB1532 protein, using the align-
ment generated by pGenTHREADER. Restraints were imposed to
keep residues 184–217 in the helical conformation, in order to pre-
vent the hydrophobic core of the protein from becoming exposed.
The ﬁnal model was the one with the lowest value of the objective
function, out of 20 generated models.
2.2. Site-directed mutagenesis of E. coli RIC and protein production
Twelve highly conserved amino acid residues were selected,
based on the amino acid sequence alignment of the so far available
RIC proteins [4,11] and on the homology modelling herein
described. E. coli RIC mutated proteins were constructed by site-
directed mutagenesis (Supplementary Material). A truncated RIC
protein, lacking the ﬁrst 57 amino acid residues in the N-terminal
was also produced. All proteins were overexpressed, puriﬁed and
analysed as described in Supplementary Material.
2.3. UV–visible and electronic paramagnetic resonance spectroscopy
The UV–visible spectra were acquired in a Shimadzu UV-1700
spectrophotometer using 30 lM protein in 20 mM Tris HCl,
150 mM NaCl buffer, pH 7.6. When indicated, 80 mM sodium azide
was added to the as-isolated RIC.
EPR spectra of RIC (60–100 lM) were acquired on a Bruker EMX
spectrometer equipped with an Oxford Instruments continuous
ﬂow helium cryostat, and recorded at 9.39 MHz microwave fre-
quency, 2.0 mW microwave power and 7 K.
2.4. Complementation assays of endogenous aconitase activity
Vectors for the complementation assays were obtained by site-
directed mutagenesis of pUC-18-RIC [3] and using the oligonucle-
otides listed in Table S1, as described in Supplementary Material.
Recombinant pUC-18 vectors carrying the wild type and RIC
mutated proteins were individually introduced into cells of E. coli
K-12 wild type and E. coli Dric. Endogenous aconitase activity
was evaluated in cells of E. coli K-12, E. coli K-12 Dric carrying
the empty vector (pUC-18), and overexpressing RIC wild type
and variants. E. coli cells were grown under aerobic conditions in
LB medium supplemented with 10 lM FeSO4. Cells were collectedwhen reached an OD600 0.7, washed with the reaction buffer
(50 mM Tris–HCl, 600 mM MgCl2, pH 7.6) and frozen in liquid
nitrogen. Protein extracts were anaerobically prepared by suspen-
sion of cells in reaction buffer followed by 10 min incubation with
0.5 mg/mL lysozyme. Cells were next mixed with 0.2 mg/ml DNase
for 10 min, centrifuged at 9700g for 5 min, and the supernatants
were used in the activity assays. Endogenous aconitase activity
was measured as previously described [16] by following the
NADPH formation, at 340 nm, in reactions containing reaction buf-
fer, 200 lM NADP+, 1 U isocitrate dehydrogenase and 30 mM
sodium citrate, which initiated the reaction.
3. Results
3.1. E. coli RIC structure predicted by homology-based modelling
The structure of E. coli RIC was predicted by homology-based
modelling using the structure of the Neisseria meningitides
NMB1532 protein (PDB code: 2P0N) as template. In the RIC model
the ﬁrst 72 residues were excluded as they are not present in the
template structure.
NMB1532 is a protein of unknown function that, like E. coli RIC,
contains a hemerythrin-like domain [17], and a metal centre with
two manganese atoms coordinated by four histidine and two glu-
tamate residues, which correspond to amino acids conserved in the
RIC proteins. A Ramachandran plot [18] of the best structure
obtained located 97.7% of the residues in the most favoured regions
and 2.3% in additional allowed regions. According to the model, RIC
adopts a four helix bundle structure with the helices packed
against each other (Fig. 1A), a structure that is characteristic of a
large number of diiron proteins [2,4,19]. Side chains of most hydro-
philic residues are located on the exterior side of the helices
whereas the hydrophobic side chains are facing the protein inte-
rior, forming a hydrophobic core.
In previous work, we proposed that the diiron centre is ligated
by histidine/carboxylate residues and bridged by a l-oxo and one
or two l-carboxo bridges [4,6]. The model herein generated pre-
dicts that four histidine residues, namely H84, H129, H160, H204
and two glutamate residues E133 and E208, which are located on
opposite sides of the metal centre (Fig. 1B), constitute good candi-
dates to act as ligands of the diiron centre. Furthermore, the model
indicates that residues E159, E134 and N209 are located in the
vicinity of the centre forming their side chains hydrogen bonds
with H204, H160 and H84, respectively. Based on this model and
on the degree of conservation of the amino acid residues, several
RIC mutated proteins were constructed by site-directed mutagen-
esis and analysed by UV–Visible and EPR spectroscopies, as
described below.
3.2. Site-directed mutagenesis studies of E. coli RIC
Our previous amino acid sequence alignment of more than 100
RIC homologues revealed the presence of highly conserved resi-
dues, namely several carboxylate (aspartate and glutamate) and
histidine residues [4]. Fig. 2 depicts a subset of RIC homologues
that includes the E. coli RIC and highlights residues conserved in
the RIC family. In this alignment H84, H105, H129, E133, E134,
E159, H160, H204, E208 are highly conserved. According to the
RIC structure model described above, six of these residues (H84,
H129, E133, H160, H204, and E208) are putative ligands of the
binuclear iron centre and two glutamates (E134, E159) are located
in its vicinity. Hence, single mutated proteins in which each
residue was replaced by leucine were constructed. The amino acid
sequence comparison also shows that some RIC homologues lack
an N-terminal region of approximately 60 amino acid residues,
Fig. 1. Homology-based modelling of E. coli RIC structure E. coli RIC structure as predicted by homology-based modelling (A) and close view of the diiron centre (B). Secondary
structure of the protein (grey cartoon representation) with residues mutated in this work are depicted as sticks with carbon, nitrogen and oxygen atoms coloured in green,
blue, and red, respectively. The two iron atoms of the centre are represented by orange spheres. In panel A, for the sake of clarity, only residues outside of the metal centre are
labelled.
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protein. To infer the inﬂuence of the N-terminal region on the
RIC diiron spectroscopic properties, a truncated protein was
produced and analysed. Finally, proteins harbouring single muta-
tions in the carboxylate residues E102, D66 and histidine H87,
which are conserved in only a small subset of organisms, were also
prepared.
In general, apo-RIC and all mutated proteins were stable and
puriﬁed in yields similar to that of the wild type protein. The only
exception was the E208L RIC mutant that resulted in very low
yields due to the rapid denaturation of the protein. The mutated
RICs were characterised in relation to the iron content and their
UV–Visible and EPR spectroscopic proprieties analysed.
3.2.1. Iron content and UV–visible spectra of the E. coli RICs
E. coli D66A, H87L, E102L, H105L, and E134L RIC mutants con-
tained approximately two iron atoms per protein (Table 1). All pro-
teins displayed a broad band at 360 nm in the UV–visible
spectrum (data not shown) with features similar to those observed
for the wild type E. coli RIC [8].
Recombinant truncated RIC also contained 2 iron atoms and a
visible spectrum analogous to that of the native protein (Fig. 3A
and B). However, and in contrast to native RIC that is puriﬁed as
a mixture of monomers and dimers, the truncated RIC was eluted
in the analytical Superdex 200 column as a single peak correspon-
dent to a molecular mass of 41 kDa (data not shown), indicating
that truncated RIC only occurs in the dimeric form.
Replacement of H84, H129, E133, E159, H160, H204 and E208
by leucine yielded proteins with lower iron content (Table 1).
The iron content of the H129L, H204L mutant proteins was of
approximately 1, while H84L, E133L, E159L, H160L and E208L pro-
teins contained iron amounts comparable to that of the apo-RIC.The UV–visible spectra of H84, H129, E133, E159, H160, H204
and E208 mutated RICs display a 360 nm band with lower intensity
than that of the wild type RIC. Fig. 3 depicts representatives of the
UV–visible spectra of all mutated RICs with the spectrum of the
H84L protein (Fig. 3C) being similar to that of H129L, E159L,
H160L and H204L mutants (data not shown), and the spectrum
of E133L RIC (Fig. 3D) resembling that of E208L RIC (data not
shown).
To further analyse the spectral features of the E. coli RIC vari-
ants, UV–visible spectra of all mutated proteins were obtained in
the presence of azide. Azide forms a complex with diiron centres,
which for E. coli RIC exhibits bands at 340 and 440 nm (Fig. 3A).
Upon addition of azide, the spectra of wild type and truncated
RIC showed the bands depicted in Fig. 3A and B, respectively,
which are equal to those seen in the spectra of D66A, H87L,
E102L, H105L, and E134L RICs (data not shown). Under the same
conditions, a single band at 435 nm was present in the spectra
of H84L (Fig. 3C), and H129L, E159L, H160L and H204L RICs
(Table 1), whereas no bands were observed for the E133L variant
(Fig. 3D) and E208L RIC (data not shown).
3.2.2. EPR studies of the E. coli RICs
EPR spectra were recorded for all 13 recombinant RIC mutants
and compared with the spectrum of the wild type protein (Fig. 4
and Table 1). EPR spectra of proteins containing approximately
two iron atoms, namely the RIC truncated protein, D66A, H87L,
E102L, H105L, and E134L mutants, exhibited all principal g-values
below 2.0 (g = 1.96, 1.92 and 1.88). These spectral features are
characteristic of a diiron centre bound to histidine and carboxylate
residues and similar to the EPR spectrum of wild type E. coli RIC.
Fig. 4 displays the EPR spectra of wild type, H87L and truncated
RIC proteins (spectra a, b and c, respectively), which show g-values
Fig. 2. Amino acid sequence alignment of RIC homologues Twenty representative amino acid RIC sequences were chosen out of 100 RIC homologues distributed in bacterial
phyla, fungi and eukaryotes (4). Residues modiﬁed by site-directed mutagenesis are indicated in black (residues strictly conserved) and grey (highly conserved residues, i.e.
residues conserved in 40–70% proteins of the RIC family). Asterisks denote amino acid residues identiﬁed in this work as ligands of the diiron centre. E. coli, Escherichia coli K-
12 (gi: 16132031); S. aureus, Staphylococcus aureus NCTC8325 (gi: 88194036); S. enterica, Salmonella enterica subsp. enterica serovar Typhi Ty2 (gi: 29144697); S. typhimurium,
Salmonella typhimurium LT2 (gi: 16767645); K. pneumonia, Klebsiella pneumoniae subsp. pneumoniae MGH 78578 (gi: 150957923); Enterobacter sp, Enterobacter sp 638 (gi:
145316920); Y. pestis, Yersinia pestis CO92 (gi: 16123677); Y. pseudotuberculosis, Yersinia pseudotuberculosis IP 32953 (gi: 51588079); H. inﬂuenzae, Haemophilus inﬂuenzae
PittGG (gi: 148827101); R. eutropha, Ralstonia eutropha JMP134 (gi: 72122218); T. vaginalis 1 and 2, Trichomonas vaginalis G3 (gi: 121909109 and gi: 121888849, respectively);
B. anthracis, Bacillus anthracis str. ‘Ames Ancestor’(gi: 47502589); C. perfringens, Clostridium perfringens str. 13 (gi: 18309757); C. tetani, Clostridium tetani E88 (gi: 28211509);
N. gonorrhoeae, Neisseria gonorrhoeae FA 1090; (gi: 59717975); N. meningitidis, Neisseria meningitidis MC58 (gi: 15677230); S. coelicolor, Streptomyces coelicolor A3(2) (gi:
8052384); S. pombe, Schizasaccharomyces pombe (gi: 6224597); C. neoformans, Cryptococcus neoformans var. neoformans B-3501 (gi: 134106553).
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E134L (data not shown). On the contrary, H84L and E133L are EPR
silent (Fig. 4 lines d and e, respectively), as are H129L, E159L,
H160L, H204L and E208L mutated proteins (data not shown). The
results are in agreement with the lower iron content exhibited
by these RIC mutants (Table 1) and conﬁrmed that these proteins
contain no diiron centre.
3.3. RICs mutated in H129, E133 and E208 do not protect aconitase
Previous work revealed that deletion of the ric gene generates
E. coli and S. aureus strains with reduced level of endogenous activ-
ity of Fe–S-containing proteins, such as aconitase and fumarase,
and that the presence of RIC increases the activity of aconitase/
fumarase [3].
The ability of the wild type RIC and mutant proteins lacking the
intact diiron centre to protect the damage-prone aconitase activitywas tested. To this end, the aconitase activity of E. coli Dric deﬁ-
cient cells carrying a pUC-18 vector that expresses the recombi-
nant wild type and RIC mutant proteins was determined.
The results showed that, while expression of the wild type
RIC in the Dric strain leads to an increase of the aconitase activ-
ity to levels comparable to that of E. coli wild type cells, no
increase is observed for Dric cells expressing the RIC H129L,
E133L and E208L mutated proteins (Table 1). Single mutations
in H84, H160, H204 and E159 residues did not result in
proteins with complete loss of function. Therefore, we next pro-
duced a RIC variant containing a double mutation of two of the
three histidine residues predicted to bind the diiron centre and
that are located in opposite positions, namely H84 and H160.
Complementation assays revealed that the expression of the
double mutated RIC H84L/H160L in the E. coli Dric strain did
not promote the increase of the aconitase activity (data not
shown).
Table 1
Biochemical and spectroscopic proprieties of RIC mutants.
RIC Iron quantiﬁcation Azide complexa EPR diiron centreb Aconitase activityc
TPTZ ICP
Wild type 1.6 1.6 2 + +
Truncated 1.8 1.6 2 + Nd
D66A 1.4 Nd 2 + Nd
H87L 1.7 Nd 2 + Nd
E102L 1.7 Nd 2 + Nd
H105L 1.6 Nd 2 + Nd
E134L 1.6 Nd 2 + Nd
H84L 0.4 0.2 1  +
H129L 1 0.5 1  
E133L 0.3 0.3 0  
E159L 0.5 0.3 1  +
H160L 0.5 0.4 1  +
H204L 0.8 1 1  +
E208L 0.5 0.1 0  
Apo-form 0.3 0.3 0 Nd Nd
Nd-not determined.
a Number of bands observed in the UV–visible spectrum upon addition of azide to RIC.
b Presence of the diiron centre retrieved from g-values at 1.96, 1.92 and 1.88 (+); no signals at g  2 were observed ().
c Activity level is indicated as (+) when similar to that of the wild type strain, and as () when alike that of Dric strain carrying the empty vector.
300 400 500 600
0.00
0.05
0.10
0.15
Ab
so
rb
an
ce
300 400 500 600
0.00
0.05
0.10
0.15
Ab
so
rb
an
ce
300 400 500 600
0.00
0.05
0.10
0.15
Ab
so
rb
an
ce
300 400 500 600
0.00
0.05
0.10
0.15
Ab
so
rb
an
ce
A
C
B
D
Ab
so
rb
an
ce
WT
L331EL48H
Truncated
Wavelength (nm)
Fig. 3. UV–visible spectra of the diiron-azide complex of E. coli RIC wild type and
mutated proteins UV–visible spectra of E. coli RIC (30 lM protein in 20 mM Tris
HCl plus 150 lM NaCl buffer, pH 7.6). RIC wild type (A), truncated (B), H84L (C),
E133L (D) before and after azide addition are indicated in dashed bold and thin
lines, respectively. In D, the two lines are overlapped.
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Fig. 4. EPR spectra of E. coli RIC mutants EPR spectra of E. coli RIC wild type (a),
H87L (b), truncated (c), E133L (d) and H84L (e).
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The biochemical properties of the truncated RIC retained all
characteristics of the wild type protein. These results are similar
to data on the native N. gonorrhoea RIC ([4] and our unpublished
results), which albeit having no N-terminal domain (Fig. 2) still
harbours a diiron centre and retains its role in Fe–S cluster forma-
tion. The two consecutive cysteine residues in the N-terminal of
Ralstonia eutropha RIC were suggested to be involved in protein
dimerization [20]. However, these conserved cysteine residues
seem to play a different role as the truncated E. coli RIC, which
lacks the two cysteine residues, keeps the dimeric form.
To identify among the conserved histidines and carboxylates of
the RIC family the ligands of the diiron centre, 12 site-directed
mutants were analysed. Mutation of the partially conserved
residues D66, H87, E102, E134 and of the strictly conserved residue
H105 yielded proteins with 2 iron per molecule, and with
spectroscopic features resembling those observed for the wild typeE. coli RIC. Therefore, these amino acid residues, whose substitution
did not cause alteration in the biochemical properties of RIC, nei-
ther bind the diiron centre nor promote its stability. In contrast,
replacement of H84, H129, E133, E159, H160, H204, and E208 gen-
erated RICs with lower iron content, altered visible spectra and EPR
spectra lacking the signals in the g  2 region, all features charac-
teristic of diiron-containing proteins. RICs mutated in H84, E159,
H160 and H204 showed positive complementation; this result
may be due to the presence of unspeciﬁc bound iron that in vivo
promotes the regain of the aconitase activity owed to the overex-
pression of the protein, but that is lost along the puriﬁcation
procedure. Nevertheless, simultaneous mutation of two of the
three histidine residues in the double mutant H84L/H160L implied
the loss of the RIC function. Moreover, H129, E133 and E208
mutants had impaired in vivo function. Altogether, the results
L.S. Nobre et al. / FEBS Letters 589 (2015) 426–431 431corroborate that the two carboxylate bridges are essential for the
integrity of the centre and the function of RIC, and that besides
H129 two extra histidine ligands are necessary to assemble a
functional RIC. Moreover, it shows that in spite of the degree of
structural conformation change allowed by the diiron centre, the
presence of a histidine residue in position 129 is crucial for the
RIC function.
Since the crystallographic structure is not available, in spite of
several attempts thatdidnot yield stable crystals, a homology-based
modelling was used to predict the structure of E. coli RIC (Fig. 1). In
this model, the ﬁrst 72 residues of the E. coli RIC N-terminal were
not considered due to their absence in the template structure. How-
ever, theunchangedbiochemical and spectroscopic properties of the
truncated form indicate that the model is valid as the N-terminal
region does not inﬂuence the formation of the iron centre.
In the RIC model, H87, H105 and E102 are predicted to be
located far from the diiron centre; in accordance, the characteris-
tics of the diiron centre are not perturbed in these mutant RICs.
The model considers that the RIC diiron centre is coordinated by
four histidine residues (H84, H129, H160, H204) and two gluta-
mates residues (E133 and E208), which fully agrees with the data
here obtained by site-directed mutagenesis. Furthermore, in this
model, E133 and E208 form two l-carboxylate bridges. This struc-
ture is also corroborated by the mutagenesis studies in which
E133L or E208L mutants lack the diiron centre and have impaired
in vivo function. Hence, it was concluded that two l-carboxylate
bridges are required for the formation of a functional RIC diiron
centre. Interestingly, the model predicts that H84, H160 and
H204 form H-bonds with the side chains of N209, E134 and
E159, respectively. Mutation of E159 generated a RIC protein
devoid of the diiron centre. Accordingly to the model, this residue
is not predicted to bind directly to the iron centre, but putatively
establishes a hydrogen bond with diiron ligand H204. Therefore,
this result suggests that this hydrogen bond contributes to the
overall stability of the centre.
The amino acid residue sequence comparison of the RIC family of
proteins (Figs. 2 and 4) showed that all histidine residues, namely
H84, H129, H160 and H204, identiﬁed as ligands by the current
model are conserved among over 100 RICs sequences [4]. As for
the other two diiron ligands, namely E208 and E133, the latter is only
absent in three sequences from yeast, which have an aspartate resi-
due replacing the glutamate residue [3,4,11]. E208 is not conserved
among RIC homologues from organisms such as Fungi and Actino-
bacteria, which in general share low amino acid identity and similar-
ity (3–11% and 9–22%, respectively) with the majority of RICs.
In conclusion, this study allowed elucidation of the structure/
function relationship of several conserved residues of the RIC
family of proteins by showing that H84, H129, H160, H204, E133
and E208 are coordinated to the diiron centre.
Acknowledgements
The work was funded by FCT project PTDC/BBB-BQB/0937/2012
and by the following FCT fellowships SFRH/SRFH/BPD/69325/2010
(LN) and SFRH/BPD/92537/2013 (DL).Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.febslet.2014.12.
028.References
[1] Johnson, D.C., Dean, D.R., Smith, A.D. and Johnson, M.K. (2005) Structure,
function, and formation of biological iron–sulfur clusters. Annu. Rev. Biochem.
74, 247–281.
[2] Justino, M.C., Vicente, J.B., Teixeira, M. and Saraiva, L.M. (2005) New genes
implicated in the protection of anaerobically grown Escherichia coli against
nitric oxide. J. Biol. Chem. 280, 2636–2643.
[3] Justino, M.C., Almeida, C.C., Teixeira, M. and Saraiva, L.M. (2007) Escherichia
coli di-iron YtfE protein is necessary for the repair of stress-damaged iron–
sulfur clusters. J. Biol. Chem. 282, 10352–10359.
[4] Overton, T.W., Justino, M.C., Li, Y., Baptista, J.M., Melo, A.M., Cole, J.A. and
Saraiva, L.M. (2008) Widespread distribution in pathogenic bacteria of di-iron
proteins that repair oxidative and nitrosative damage to iron–sulfur centers. J.
Bacteriol. 190, 2004–2013.
[5] Harrington, J.C., Wong, S.M., Rosadini, C.V., Garifulin, O., Boyartchuk, V. and
Akerley, B.J. (2009) Resistance of Haemophilus inﬂuenzae to reactive nitrogen
donors and gamma interferon-stimulated macrophages requires the formate-
dependent nitrite reductase regulator-activated ytfE gene. Infect. Immun. 77,
1945–1958.
[6] Todorovic, S., Justino, M.C., Wellenreuther, G., Hildebrandt, P., Murgida, D.H.,
Meyer-Klaucke, W. and Saraiva, L.M. (2008) Iron–sulfur repair YtfE protein
from Escherichia coli: structural characterization of the di-iron center. J. Biol.
Inorg. Chem. 13, 765–770.
[7] Kurtz, D.M. (1997) Structural similarity and functional diversity in diiron-oxo
proteins. J. Biol. Inorg. Chem. 2, 159–167.
[8] Justino, M.C., Almeida, C.C., Goncalves, V.L., Teixeira, M. and Saraiva, L.M.
(2006) Escherichia coli YtfE is a di-iron protein with an important function in
assembly of iron–sulphur clusters. FEMS Microbiol. Lett. 257, 278–284.
[9] Kurtz, D.M. (1990) Oxo- and hydroxo-bridged diiron complexes: a chemical
perspective on a biological unit. Chem. Rev. 90, 585–606.
[10] Nobre, L.S., Garcia-Serres, R., Todorovic, S., Hildebrandt, P., Teixeira, M., Latour,
J.M. and Saraiva, L.M. (2014) Escherichia coli RIC is able to donate iron to iron–
sulfur clusters. PLoS ONE 9, e95222.
[11] Justino, M.C., Baptista, J.M. and Saraiva, L.M. (2009) Di-iron proteins of the RIC
family are involved in iron–sulfur cluster repair. Biometals 22, 99–108.
[12] Fiser, A. and Sali, A. (2003) Modeller: generation and reﬁnement of homology-
based protein structure models. Methods Enzymol. 374, 461–491.
[13] Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F. and Higgins, D.G.
(1997) The CLUSTAL_X windows interface: ﬂexible strategies for multiple
sequence alignment aided by quality analysis tools. Nucleic Acids Res. 25,
4876–4882.
[14] Lobley, A., Sadowski, M.I. and Jones, D.T. (2009) PGenTHREADER and
pDomTHREADER: new methods for improved protein fold recognition and
superfamily discrimination. Bioinformatics 25, 1761–1767.
[15] Sali, A. and Blundell, T.L. (1993) Comparative protein modelling by satisfaction
of spatial restraints. J. Mol. Biol. 234, 779–815.
[16] Gardner, P.R. (2002) Aconitase: sensitive target and measure of superoxide.
Methods Enzymol. 349, 9–23.
[17] Stenkamp, R.E. (1994) Dioxygen and hemerythrin. Chem. Rev. 94, 715–726.
[18] Laskowski, R.A., MacArthur, M.W., Moss, D.S. and Thornton, J.M. (1993)
PROCHECK: a program to check the stereochemical quality of protein
structures. J. Appl. Cryst. 26, 283–291.
[19] Kurtz, D.M., Boice, E., Caranto, J.D., Frederick, R.E., Masitas, C.A. and Miner, K.D.
(2013) Iron: non-heme proteins with diiron-carboxylate active sites. Encycl.
Inorg. Bioinorg. Chem., 1–18
[20] Strube, K., de Vries, S. and Cramm, R. (2007) Formation of a dinitrosyl iron
complex by NorA, a nitric oxide-binding di-iron protein from Ralstonia
eutropha H16. J. Biol. Chem. 282, 20292–20300.
